Objective: This study was designed to determine the ability of insulin to improve outcome following a Pseudomonas aeruginosa wound infection in a rodent model of severe burn injury.
S evere burn trauma is a devastating injury associated with hypermetabolism and a profound catabolic state. Furthermore, it causes substantial perturbations in the immune system through the systemic inflammatory response, often resulting in suboptimal innate and adaptive immune responses (1) (2) (3) . These changes in the immune system and destruction of the skin barrier increase the burn patient's susceptibility to burn wound infections and may lead to systemic bacterial dissemination, causing sepsis, multiorgan failure, and increased mortality (1, 4, 5) . Various patient factors, such as age, immune status, extent of injury, and depth of burn, in combination with microbial factors, such as type and number of organisms, enzyme and toxin production, and motility, determine the likelihood of invasive burn wound infection (6) . Advances in topical and systemic antibiotics have improved the treatment of burn-associated infections. However, the subsequent development and use of broad-spectrum antibiotics has propagated the colonization of antibioticresistant microorganisms, in particular Pseudomonas aeruginosa, one of the most commonly identified organisms in systemic or localized burn wound infections (6 -8) . Therefore, infectious complications remain a leading cause of death for patients with burns greater than 40% total body surface area (TBSA) (1, 7, 8) . Treatment options that attenuate the sys-temic inflammatory response to burn trauma and enhance host resistance to infection may provide an alternative for severely burned patients.
A recent milestone study found that intensive insulin therapy decreased mortality in critically ill patients. Insulin given at doses to maintain blood glucose below 110 mg/dL prevented the incidence of multiorgan failure and thus improved clinical outcome and rehabilitation (9) . However, since strict blood glucose control, in order to maintain normoglycemia, was required to obtain the most clinical benefit, a dialogue has emerged between those who believe that tight glucose control is beneficial for patient outcome and others who fear that high doses of insulin may lead to increased risks for hypoglycemic events and its associated consequences in these patients (9, 10) . Studies conducted by our group further indicated that insulin improves hypermetabolism by decreasing proinflammatory cytokine and hepatic acute-phase proteins production postburn (11, 12) . Since insulin has potential as a treatment for reducing hypermetabolism in severely burned patients, it is important to assess the effects of insulin on responses to infection in the susceptible burn patient population. Through attenuation of systemic inflammation, insulin may have immunomodulatory properties that could improve clinical outcome postburn. This study was designed to determine the effects of insulin treatment after burn injury on the host response to infection in a lethal rodent model of burn wound infection.
MATERIALS AND METHODS

Animals
All animal manipulations were approved by the Institutional Animal Care and Use Committee of the University of Texas Medical Branch at Galveston. The National Institutes of Health Guidelines for the Care and Use of Experimental Animals were met. Sprague Dawley rats, 325 to 350 grams, were used in these studies and were allowed to acclimate for 1 week before the experiments. Rats were housed in an institutional animal care facility and received a high-protein diet (Ensure, Abbott Laboratories, Abbott Park, IL) and water ad libitum throughout the study. Ensure was administered 7 days before the study to adjust the animals to the liquid diet.
Burn Injury
A well-established method was used to induce a full-thickness scald burn in our model (13) . Animals were anesthetized with general anesthesia (Ketamine, 40 mg/kg body weight, and Xylazine, 5 mg/kg body weight, both injected intraperitoneally) and received analgesia (Buprenorphine 0.05 mg/kg body weight, injected subcutaneously). The dorsum of the trunk and the abdomen were shaved, and a 60% TBSA burn was administered by placing the animals in a mold exposing defined areas of the skin of the back and abdomen under general anesthesia and analgesia. The mold was placed in 96 -98°C water, scalding the back for 10 secs and the abdomen for 2 secs. This method delivers a full-thickness cutaneous burn as confirmed by histologic section. Lactated Ringers solution (40 mL/kg body weight) was administered intraperitoneally immediately after the burn for resuscitation. After burn and resuscitation, animals were observed, given oxygen, and then placed into cages. Unburned (sham) animals received the same treatment except for the scald burn.
Animals were pair-fed with a liquid highprotein high-amino acid nutrition (Ensure, Abbott Laboratories) and water ad libitum. Ensure has a caloric distribution of 24% protein, 21% fat, and 55% carbohydrate. All rats were pair-fed according to the caloric intake. The feeding protocol was as follows: 25 calories on the day of burn or sham, 51 calories on the first day postburn, 76 calories on the second, and 101 calories from the third day on after burn. Nutritional intake was the same in all groups.
Burn Wound Infection
Pseudomonas aeruginosa was purchased from the American Type Culture Collection (ATCC #19660). Cultures were grown in tryptic soy broth and diluted in sterile saline for wound inoculation. Six days after burn injury, 6 ϫ 10 5 colony-forming units (CFU) of Pseudomonas aeruginosa were applied to the surface of the wound.
Treatment Groups
Three different studies with several treatment groups were performed. Animals included in the first study received a 60% TBSA burn and animals were injected once daily with either 1 IU/kg body weight of insulin glargine (Insulin Lantus, Sanofi Aventis, Kansas City, MO, insulin group), or an equal amount of saline subcutaneous (control group, n ϭ 10). Sham animals did not receive any burn procedure or treatment. Animals were killed by decapitation without anesthesia 3, 6, 12, 24, and 48 hrs after burn injury and blood was collected immediately thereafter (n ϭ 10, each group and time point).
Animals included in the second study were subjected to a 60% TBSA burn and wounds were topically inoculated with 5 ϫ 10 6 CFU of Pseudomonas aeruginosa 6 days later. Randomized groups were treated daily for 28 days with saline or insulin (1 U, 2.5 U, 5 U/kg body weight, sc), n ϭ 10 for each group, and rats were monitored daily for survival up to 22 days following wound inoculation. Blood glucose levels were measured daily using a glucometer. Animals included in the third study received a 60% TBSA burn and wounds were topically inoculated with 5 ϫ 10 6 CFU of Pseudomonas aeruginosa 6 days later. Randomized groups were treated daily with saline or 1 U/kg body weight insulin, n ϭ 10 for each group. To examine bacterial growth and dissemination, blood and spleens were aseptically harvested 9 days after inoculation and diluted and/or homogenized in sterile saline. Serial dilutions of blood or tissue homogenates were grown overnight on tryptic soy agar for determination of CFU/gram tissue wet weight or mL blood. To examine immune cells, spleens and wound-draining axillary and inguinal lymph nodes were harvested and prepared for flow cytometry staining. Tissues were collected 9 days after inoculation because this duration is the time at which mortalities typically begin to occur.
Cytokine and Serum Glucose Determinations
Blood was collected immediately after harvest and stored on ice until serum preparation. Serum was separated by centrifugation at 4500 rpm for 3 mins at 4°C and stored at Ϫ80°C until analyzed. The levels of serum glucose, Interleukin-6 (IL-6), CINC (cytokine-induced neutrophil chemoattractant)-1, CINC-2, and MCP (monocyte chemotactic protein)-1, as markers of systemic inflammation, and serum glucose levels were determined by double-sandwich, enzymelinked, immunosorbent assays (ELISA-technique, R&D-Systems Inc., Minneapolis, MN) according to the protocol of the manufacturer. Each serum cytokine was determined from standard curves after measurement of optical density at 450 nm.
Flow Cytometry
The spleen and lymph nodes from individual rats were isolated and pooled to prepare singlecell suspensions as previously described (14, 15) . Briefly, spleens and lymph nodes were harvested from rats killed by means of an overdose of anesthesia (Ketamine 80 mg/kg body weight, and Xylazine 10 mg/kg body weight, both injected intraperitoneally), placed in 35-mmdiameter dishes containing RPMI-1640 media with 10% fetal bovine serum, and homogenized by means of smashing with the plunger from a 1-mL-capacity syringe. The dispersed spleens and lymph nodes were passed through a 100 -2m nylon mesh; erythrocytes were lysed (erythrocyte lysis kit; R&D Systems, Minneapolis, MN) and cells were counted using an automated counter (Coulter Electronics, Fullerton, CA). The cells (quantity, 1 ϫ 10 7 cells/tube) were placed in polystyrene tubes containing labeling antibodies or isotype controls (quantity, 0.5-1 2 g of antibody per tube) and incubated (temperature, 4°C) for 30 mins.
Cell types were then defined by flow cytometry using well-established lineage-specific markers. The following antibodies were used: fluorescein isothiocyanate-conjugated anti-CD3 (Fitzgerald Industries International, Concord, MA), anti-B220 (Fitzgerald Industries International), anti-Mac387 (Affinity BioReagents, Golden, CO), anti-CD11b (Affinity BioReagents, Golden, CO), anti-granulocytes (BD Bioscience, San Jose, CA), phycoerythrin-conjugated anti-CD44 (Fitzgerald Industries International) and anti-CD71 (Pharmingen-BD, San Jose, CA). The cells were washed with 2 mL of cold phosphatebuffered saline solution and fixed with 250 2L of 1% paraformaldehyde. The samples were analyzed using a FACScan flow cytometer (Becton Dickinson, San Diego, CA). Specific staining was determined by comparison with appropriate Ab isotype controls. Immunostaining results were expressed as the percentage of positive cells in spleen and lymph nodes.
Statistical Analysis
For comparisons of data from multiple groups, one-way analysis of variance (ANOVA) was performed followed by the Tukey's multiple comparisons test. Proportion data were analyzed using Fisher's exact test and survival data analyzed using the log rank test. Differences were considered significant at a p value of Յ.05. Results are presented as mean Ϯ SEM. All data were analyzed using GraphPad Prism software (GraphPad Software, Inc, San Diego, CA).
RESULTS
Effects of Insulin on Inflammation in the Early Postburn Period
Burn injury caused a transient but significant increase in blood glucose levels at 3 and 6 hrs postburn in saline-treated rats (3 hrs sham control (sc) vs. burn saline (bs), burn insulin (bi) vs. bs, p Ͻ .001; 6 hrs sc vs. bs, bi vs. bs, p Ͻ .01, ANOVA, Tukey's multiple comparison test, Figure 1A ). Rats treated with insulin maintained normal blood glucose levels. Soon after burn injury, there were significant alterations in the serum levels of certain cytokines in response to burn alone. Burn injury resulted in augmented serum CINC-1 and CINC-2 concentrations up to 100-fold and ten-fold, respectively, as well as IL-6 and MCP-1 levels up to 160-and four-fold, respectively, over normal values. Daily administration of insulin attenuated the early production of proinflammatory cytokines after burn. Burn injury transiently, but significantly, increased serum IL-6 within the first 3 hrs after burn injury, with levels remain-ing above normal 48 hrs after injury. Insulin decreased this early IL-6 response to burn injury, with significantly lower levels detected at 6, 12, and 48 hrs postburn, ( Fig. 1E ). Serum levels of TNF, IL-1␤, and IL-10 were not significantly different among the groups (data not shown).
Daily Insulin Administration Improves Survival Following a Lethal Burn Wound Infection
To determine the effects of insulin on survival after sepsis arising from a Pseudomonas aeruginosa burn wound infection, 5 ϫ 10 6 CFUs of Pseudomonas aeruginosa were applied to the burn wound 6 days after burn injury. Survival was monitored for 22 days after infection. One unit of insulin significantly increased overall survival (p Ͻ .05, log rank test), as well as the mean time to mortality compared to saline or 5 U insulin treatment (p Ͻ .05, ANOVA, Tukey-Kramer test). Additionally, 2.5 U of insulin significantly increased survival compared with control saline treatment, whereas 5 U of insulin had no effect on survival (n ϭ 10 rats per group, Fig. 2A ). 
Insulin Treatment Decreases Systemic Bacterial Dissemination After Burn Wound Infection
To determine whether improved survival after insulin treatments is caused by the effects of insulin on bacterial clearance mechanisms, bacterial burden in blood and spleen was examined. Nine days following wound inoculation, 5 of 7 (71%) of the saline-treated rats had positive blood cultures (Fig. 3A) , whereas only 1 of 8 (13%) of the insulin-treated rats had positive blood cultures, a difference that was statistically significant (p ϭ .0406, Fisher's exact test). The mean CFU in the cultures from the saline-treated group was 91 CFU/mL blood, whereas the mean in the insulin group was only 20 CFU/mL blood. In the spleen, 7 of 7 (100%) of the cultures from salinetreated rats were positive, whereas only 3 of 7 (43%) of the cultures from insulintreated rats were positive. Although not significantly different, the mean CFU/g in the spleens of saline-treated rats (3214 CFU/g) was ϳ4 times greater than the mean CFU/g in spleens from insulintreated rats (759 CFU/g, Fig. 3B ).
Effects of Insulin Treatment on Systemic Inflammation After Burn Wound Infection
To determine whether insulin treatments also modulate systemic inflammation in response to burn wound infection, proinflammatory cytokine concentrations in plasma were measured after wound inoculation. Nine days after wound inoculation, saline-treated rats had high levels of serum IL-6 (19.3 Ϯ 0.6 ng/mL). Rats treated with insulin had significantly lower levels of serum IL-6 (6.9 Ϯ 0.3 ng/mL), as shown in Figure 4A (p Ͻ .0001, Student's t test). Plasma levels of IL-1␤, IL-10, CINC-1, CINC-2 and TNF were not significantly different between treatment groups; however, saline-treated animals displayed considerably elevated levels of serum IL-1␤ and TNF compared to the insulin-treated rats (data not shown). Insulin treatment markedly reduced serum glucose levels in insulin-treated rats that remained lower at 1 week after wound inoculation when compared with saline-treated rats (Fig. 4B ).
Effects of Insulin Treatment on Lymphocyte Activation in Response to Burn Wound Infection
Surface expression of CD71 and CD44, commonly used activation markers (16, 17) , was examined on T and B lymphocytes in the spleen and wound-draining lymph nodes 9 days following wound inoculation. CD71 (transferrin receptor) surface expression represents the state of metabolic activity in the cell and must be increased in order to internalize the iron required for T cell DNA synthesis and proliferation (18, 19) . In various studies, the CD44 phenotype has been suggested to be a marker of activation, associated with aggressive inflammatory phenomena in various autoimmune models (20, 21) . No differences were observed between groups in the percentages of granulocytes, monocytes, or macrophages, nor in the percentages of any leukocytes expressing surface CD44 (data not shown). However, in response to a burn wound infection, there were significant alterations in the number of activated lymphocytes in insulin-treated rats. Specifically, the total number of B220 ϩ B cells was significantly lower 9 days following a wound infection in insulintreated rats (comprising 12.9% of cells), compared with the saline-treated group (28.9% of cells positive for B220). The number of CD71 Ϫ B cells was significantly decreased in insulin-treated rats, (3.3% and 13.7% of B cells were negative in insulin vs. saline groups, respectively, p ϭ .0009), whereas CD71 ϩ cells were not significantly altered (Fig. 5 ). Therefore, the decrease in CD71 Ϫ B cells re-sulted in a significant increase in the relative proportions of activated B cells in the spleen and draining lymph nodes. Whereas 50% of the B cells were activated upon harvest in the saline-treated group, 82% of the B cells were activated in the insulin group (p ϭ .05).
On the other hand, the number of CD71 Ϫ CD3 ϩ cells was significantly higher (23.1% vs. 10.9% of T cells in insulin vs. saline groups, respectively, p ϭ .0212), and the number of CD71 ϩ CD3 ϩ cells significantly lower (14.1% and 19.3% of T cells in insulin vs. saline groups, respectively, p ϭ .0185), following wound infection in insulin-treated rats. Therefore, only 39% of T cells expressed the CD71 activation marker in insulin-treated rats, whereas 65% of T cells expressed CD71 in the saline-treated group (p Ͻ .05, Fig. 5 ).
DISCUSSION
Large surface area burns are frequently associated with burn wound infections that lead to sepsis, multiorgan failure, and increased mortality (4, 5, 7, 22) . Intensive insulin therapy was recently found to improve overall morbidity and mortality in critically ill patients by reducing the number of deaths from multiorgan failure with a proven septic focus (9) . To date, however, it is currently unknown how and if intensive insulin therapy improves the outcome during critical illness with severe sepsis (10), even though such therapy has been widely advocated (23) . Since sepsis associated with Pseudomonas aeruginosa infection of burn wounds is a common complication in severely burned patients (22, 24, 25) , we developed a clinically relevant model to assess the effect and underlying mechanisms of insulin on survival after a Pseudomonas aeruginosa burn wound infection. We found that insulin significantly affected survival in a dose-dependent manner. While one unit of insulin significantly increased overall survival as well as the mean time to mortality compared with saline, 5 units of insulin had no beneficial effect on survival. In our model, we found that both thermal injury and bacterial challenge resulted in a profound increase in blood glucose values. Insulin administration markedly decreased daily blood glucose levels throughout the time period studied when compared with saline-treated animals.
Stress-related hyperglycemia and insulin resistance are common findings in burn and septic patients, and are frequently associated with increased mortality (26, 27) . Targeted glycemic control using insulin to improve clinical outcome has been widely demonstrated in various clinical settings (9, 28 -32) . However, high doses of insulin frequently lead to an increased risk for hypoglycemic events and its associated consequences in critically ill patients (28, 31) , a likely cause of death in our 5-unit insulin group. In fact, the very recent NICE-SUGAR trial demonstrated that intensive glucose control may indeed lead to increased mortality among adults in the intensive care unit and suggested glucose levels of 180 mg/dl and below (10) .
Having established that low doses of insulin significantly improved survival in our model, we further aimed to elaborate the underlying mechanisms of the effects of insulin on the host response to a Pseudomonas aeruginosa-induced lethal burn wound infection. Daily treatments with 1 unit of insulin significantly decreased serum levels of IL-6 after burn wound infection, but did not significantly affect other cytokines measured during this time. IL-6 has been shown to stimulate inflammation by modulating the functional repertoire of mature polymorphonuclear neutrophils, immune cells that appear to be important effectors in the genesis of postinjury inflammation and tissue injury (33) . Prolonged and excessive elevations of circulating IL-6 levels in patients after trauma, severe burn, and systemic inflammatory response syndrome (SIRS) have been highly associated with increased morbidity and mortality (34, 35) . We have found, in a similar mouse model of burn wound infection, that mortality is associated with higher circulating IL-6 levels in response to infection and higher bacterial burden (36) . While IL-6 is important for local defense against Pseudomonas aeruginosa (37) , high systemic levels of IL-6 and higher levels of Pseudomonas aeruginosa in the blood suggest that uncontrolled bacterial growth and systemic dissemination may lead to excessive and lethal inflammation. Similar findings of insulin-mediated attenuation of inflammation in other models of trauma and infection suggest that insulin may act as an anti-inflammatory agent to improve clinical outcome (11, 38, 39) . Specifically, Dandona and colleagues (40) proposed that insulin may develop its anti-inflammatory effects via reduction of intranuclear NF-B and simultaneous stimulation of its inhibitor IB. Flow cytometry studies of human leukocytes have shown insulin receptors on lymphocytes, monocytes, and neutrophils (41) , and insulin has been found to increase the functions of activated lymphocytes (42, 43) and neutrophils (44) and to enhance the proliferation and differentiation of T cells (43) . These data suggest that insulin may have some direct effects on certain immune cell populations. Within this study, we did not observe any effects of insulin therapy on macrophage or granulocyte numbers or activation. However, insulin treatment did appear to affect lymphocytes during the response to a burn wound infection. Unfortunately, the significance of these findings is not clear. Insulin treatment was associated with an increase in the CD71 Ϫ , or nonactivated T-cell population and a decrease in the CD71 ϩ , or activated T-cell population. Surprisingly, insulin treatment was also associated with a decrease in nonactivated B cells, yet no change in the activated population following infection. Therefore, most (82%) of B cells in the insulin-treated mice were activated following infection. These results are puzzling and cannot currently be explained. However, the specificity of insulin-associated alterations for lymphocyte populations, and not other cells such as macrophages and granulocytes, combined with the decrease in bacterial dissemination after insulin treatment, does suggest that insulin likely has specific effects on immune responses that may increase resistance to burn wound infections. Clearly further studies are warranted to determine the significance of and mechanisms behind these observed effects of insulin on the host response to infection after burn injury.
Numerous alterations in the immune system have been detected following thermal injury in both rodents and humans, including suppressed T-cell proliferation, impaired natural killer cell activity, and macrophage dysfunction (45) . The initial inflammatory response to burn injury is often followed by a predominance of anti-inflammatory cytokines (3, 46) , and this perturbation of the cytokine milieu is believed to decrease appropriate host responses to subsequent infections. We found that insulin treatments, started immediately postburn, attenuated the early production of several proinflammatory cytokines in a rat model of severe burn injury. Attenuation of early postburn inflammation by insulin may prevent subsequent cytokine pertur-bations and therefore may help restore cell-mediated immune responses and prevent sepsis in burned patients. In fact, Van den Berghe and colleagues (9) showed that intensive insulin therapy, started immediately upon admission of critically ill patients, prevented several complications, including bloodstream infections. Gray and colleagues (47) found a significant reduction in the incidence of total nosocomial infections in critically ill patients using intensive insulin therapy. The NICE-SUGAR Study Investigators, in contrast, very recently showed that high doses of insulin may lead to increased mortality in these patients (10) .
Here, we demonstrated that low-dose insulin administration, started immediately after thermal injury, significantly decreased systemic bacterial dissemination after burn wound infection, suggesting that insulin may help enhance the hosts' resistance to infection.
